Abstract: A Pancharatnam-Berry optical element is designed, fabricated, and optically characterized for the demultiplexing of beams with different polarization and orbital angular momentum states at the telecom wavelength of 1310 nm. The geometric phase control is achieved by fabricating properly-oriented subwavelength gratings on a silicon substrate, inducing a spatially-variant form birefringence. The digital grating pattern is transferred to the silicon substrate with a two-step nanofabrication protocol, using inductively coupled plasma reactive ion etching to transfer the resist pattern generated with high-resolution electron beam lithography. The optical characterization of the sample confirms the expected capability to sort circularly polarized optical beams with different handedness and orbital angular momentum. Encompassing optical element design and silicon photonics, the designed silicon metasurface paves the way to innovative devices for total angular momentum mode division multiplexing with unprecedented levels of integration.
Introduction
In order to face the worldwide ever-increasing demand for bandwidth, different methods have been developed and employed to exploit the several degrees of freedom of light for encoding information and increasing the capacity of optical networks. However, also the combination of well-established multiplexing techniques based on wavelength, polarization, time, amplitude, and phase, the modulation of light cannot exceed the physical limit of single-mode optical fibers. On the other hand, moving to a multi-mode transmission medium opens the network to the exploitation of the different orthogonal modes as distinct propagation channels, in the so-called mode division multiplexing (MDM) [1] .
In the cylindrically symmetric framework of optical fibers, modes can be labeled on the basis of the carried orbital angular momentum (OAM) and present a well-defined circular polarization state, associated with the spin angular momentum (SAM) [2] . OAM modes are endowed with a peculiar helical wavefront exp(i ϕ) ( = 0, ±1, ±2, . . . ), with being the amount of OAM per photon in units of h, and exhibit an axially symmetric intensity distribution around a central dark point [3] . OAM-MDM has been demonstrated to promote an increase in information capacity for both quantum [4] and classical communications [5, 6] . The multiplexing of angular momentum states of light has also been successfully applied to increase the set of transmission channels at the same wavelength in free space, where the number of supported OAM modes is theoretically unbounded [7] .
A pivotal part of a communication system based on OAM-MDM is represented by the so-called multiplexer, i.e., the device located at the entry side of the optical link allowing the generation of a bunch of collimated and superimposed orthogonal beams. At the output end, the beam is sorted by the demultiplexer, which is usually constituted of a multiplexing element working in reverse. Several solutions have been designed and presented in the literature, exhibiting different levels of complexity, efficiency, and integration [8] .
Industry requirements favor technological solutions that are efficient, suitable to miniaturization and integration, compatible with mass production, and potentially encompassing many multiplexing techniques. In the quest for miniaturization, we have recently demonstrated the design and fabrication of 3D multi-level diffractive optics [9] [10] [11] [12] in the visible range performing OAM mode generation and demultiplexing, based either on OAM mode projection [13] or log-pol optical transformation [14] . With respect to bulky refractive optical elements, the diffractive counterpart offers a flat and integrable solution, especially when short focal lengths are required. However, their fabrication is optimized for a narrow bandwidth, and their efficiency drops when operating at a different wavelength. The optical thickness is proportional to the design wavelength, and inversely proportional to the refractive index of the material. If the transparency of silicon in the infrared telecom range suggests the usage of this high-refractive index material to further reduce the thickness, on the other hand, the realization of a 3D surface relief silicon pattern is undoubtedly challenging.
In this paper, an alternative implementation is shown and treated by realizing demultiplexing elements for OAM-MDM in the form of silicon Pancharatnam-Berry optical elements (PBOEs) for the telecom wavelength of 1310 nm. Unlike diffractive and refractive elements, in PBOEs the phase is not introduced through optical path differences, but rather results from the geometrical phase that occurs with the space-variant polarization manipulation in the spatial domain [15] . Such optical elements are realized in the form of spatially variant phase plates, whose optical axis varies point-by-point in order to generate the desired phase profile. With respect to diffractive optics, they exhibit a broader operating band [16] , since the wavefront is tailored by the geometry of the optics. Moreover, since their optical response is inherently dependent on the polarization state of the input beam [17] , polarization-division multiplexing (PDM) can be included by properly engineering the optical element [18] .
In this work, the birefringence of the optics subunit has been obtained artificially by structuring the substrate with a digital subwavelength grating. The originated metasurface is characterized by two local effective refractive indices, referring to the extraordinary and ordinary propagation axes, which are perpendicular and parallel to the local grating orientation, respectively [19] . By combining different high-resolution nanofabrication techniques, the PBOEs of spatially rotating subwavelength gratings have been etched on a silicon substrate, realizing a two-dimensional (2D) digital structure.
We considered the demultiplexing method based on OAM mode projection, and we designed and fabricated for the first time a silicon metasurface performing both OAM-MDM and PDM. The optical characterization of the sorter has been shown at the telecom wavelength of 1310 nm, demonstrating the expected capability to separate modes with different spin and orbital angular momentum states with a single optical platform.
Materials and Methods

Phase Pattern Calculation
The phase pattern of a diffractive optics intended for analyzing the OAM spectrum of the incident light field in the set { j } is given by the linear combination over a group of n orthogonal modes {ψ j = R j (ρ, ϑ)exp(i j ϑ)} as it follows [20] :
where {(β j , ϑ j )} are the n vectors of carriers spatial frequencies in polar coordinates, c j are complex coefficients whose modulus is given arbitrarily, usually unitary, and the phases are free parameters of the task, fitted in such a manner that Equation (1) becomes an exact equality. The coefficients are given by the following relation:
The positions {(r j , ϕ j )} of the corresponding signal spots in the far-field are given by:
with f being the focal length of the lens exploited for far-field reconstruction in f -f configuration, and k = 2π/λ, where λ is the wavelength. When an OAM beam illuminates the optical element, its projection over the total OAM set appears in the far-field, and a bright spot forms at the position corresponding to the carried OAM value ( Figure 1 ) (see Appendix A for more details). When the optical element is realized in a metasurface form with total polarization conversion (π retardation), the two orthogonal circular polarizations experience opposite phase patterns, as it follows (see Appendix B):
with T being the transmission matrix of the optical element, and [1, +i] and [1, −i] being the vectors of right-handed and left-handed circular polarizations, in Jones matrix formalism. Therefore, orthogonal polarizations experience two different phase patterns:
and the corresponding signal spots are detected at the following positions in the far field:
As a consequence of the polarization-dependent optical response, a beam carrying OAM equal to and left-handed circular polarization generates a bright spot in the far-field at a position that is symmetric to the spot produced by the right-handed circularly polarized beam with an opposite OAM.
Hence, it is convenient to design a metasurface performing demultiplexing over a symmetric set of modes and carefully choose the spatial frequency carriers in order to avoid channels overlap. A custom code implemented in MATLAB ® is used to calculate the phase pattern for the desired set of OAM values {ℓj} and corresponding carrier spatial frequencies {(βj, ϑj)}. The implemented algorithm is based on a successive computation of the sum in Equation (1) and integrals in Equation (2), using the fast Fourier transform algorithm and considering definite limitations, as explained in Ruffato et al. [9] , in particular the quantization of phase into 16 equally-spaced levels.
We limited our choice to OAM values in the set {−9, −6, −3, 0, +3, +6, +9} for a total of seven OAM channels (Figure 2a) . We fixed the carrier spatial frequencies in such a way that the far-field peaks were arranged over a circle of constant radius r at equally spaced angular positions (see Figure 2b ), specified as follows:
where j = 1,…7. Therefore, the two orthogonal polarizations are sorted over the two hemicycles without overlapping, as shown in the scheme in Figure 2b . In fact, according to Equation (6), the far-field intensity peaks are expected to be at the following angular positions: A custom code implemented in MATLAB ® is used to calculate the phase pattern for the desired set of OAM values { j } and corresponding carrier spatial frequencies {(β j , ϑ j )}. The implemented algorithm is based on a successive computation of the sum in Equation (1) and integrals in Equation (2), using the fast Fourier transform algorithm and considering definite limitations, as explained in Ruffato et al. [9] , in particular the quantization of phase into 16 equally-spaced levels.
We limited our choice to OAM values in the set {−9, −6, −3, 0, +3, +6, +9} for a total of seven OAM channels (Figure 2a) . We fixed the carrier spatial frequencies in such a way that the far-field peaks were arranged over a circle of constant radius r at equally spaced angular positions (see Figure 2b) , specified as follows:
where j = 1, . . . , 7. Therefore, the two orthogonal polarizations are sorted over the two hemicycles without overlapping, as shown in the scheme in Figure 2b . In fact, according to Equation (6), the far-field intensity peaks are expected to be at the following angular positions: 
Subwavelength Grating Design
The space-variant manipulation of polarization can be achieved with a both inhomogeneous and anisotropic medium, which is constituted of a birefringent material whose optical axis is not fixed. Such an element can be realized artificially in the form of subwavelength gratings, whose ridges' orientation changes pixel-by-pixel, inducing a spatially variant form birefringence [19] . Thus, the key element of the metasurface is represented by the subwavelength linear grating cell, whose local orientation θ(x, y) is chosen in order to transfer the desired geometric phase delay Ω(x, y) to the incident light, according to (see Appendix B):
Digital subwavelength gratings have birefringent properties arising from the specific geometric structure that leads to a form birefringence where the grating acquires uniaxial crystal properties. Its optical response is characterized by two different refractive indices referring to the extraordinary and ordinary propagation axes, which are perpendicular and parallel to the grating lines, respectively. In order to achieve complete polarization conversion, the two refractive indices and the grating thickness should be properly engineered in order to get a phase delay equal to π between TE and TM polarizations, i.e., linear polarizations perpendicular and parallel to the grating vector, respectively. Simulation sessions considering rigorous coupled-wave analysis (RCWA) [21, 22] have been performed to find the best geometric parameters for a silicon digital grating working at the wavelength of 1310 nm at normal incidence. For a thickness of 535 nm, the π-delay configurations of the duty cycle and grating period are reported in Figure 3 . We selected a duty cycle of 0.5, corresponding to a grating period of around 290 nm. 
The space-variant manipulation of polarization can be achieved with a both inhomogeneous and anisotropic medium, which is constituted of a birefringent material whose optical axis is not fixed. Such an element can be realized artificially in the form of subwavelength gratings, whose ridges' orientation changes pixel-by-pixel, inducing a spatially variant form birefringence [19] . Thus, the key element of the metasurface is represented by the subwavelength linear grating cell, whose local orientation θ(x, y) is chosen in order to transfer the desired geometric phase delay Ω(x, y) to the incident light, according to (see Appendix B):
Digital subwavelength gratings have birefringent properties arising from the specific geometric structure that leads to a form birefringence where the grating acquires uniaxial crystal properties. Its optical response is characterized by two different refractive indices referring to the extraordinary and ordinary propagation axes, which are perpendicular and parallel to the grating lines, respectively. In order to achieve complete polarization conversion, the two refractive indices and the grating thickness should be properly engineered in order to get a phase delay equal to π between TE and TM polarizations, i.e., linear polarizations perpendicular and parallel to the grating vector, respectively. Simulation sessions considering rigorous coupled-wave analysis (RCWA) [21, 22] have been performed to find the best geometric parameters for a silicon digital grating working at the wavelength of 1310 nm at normal incidence. For a thickness of 535 nm, the π-delay configurations of the duty cycle and grating period are reported in Figure 3 . We selected a duty cycle of 0.5, corresponding to a grating period of around 290 nm. Configurations of duty cycle and period for a silicon subwavelength grating, providing a π-delay retardation between TE and TM polarizations, for a wavelength of 1310 nm at normal incidence. Numerical data obtained with rigorous coupled-wave analysis (RCWA) for a grating thickness of 535 nm.
Fabrication
The fabrication protocol for pattern transfer onto silicon is divided into two distinct processes, in sequence: fabrication of the resist mask with electron beam lithography (EBL) of a resist film spun over the silicon substrate, and transfer of the mask profile thereon with inductively coupled plasmareactive ion etching (ICP-RIE).
Electron beam lithography is the ideal technique for transfering the computational design from a digital stored format to a surface relief pattern with high-resolution profiles [23] . It is a maskless process: a high-powered focused electron beam draws the high-resolution pattern directly onto an electron-sensitive polymeric layer. The resist used in this work (AR-671.02, ALLRESIST GmbH, Strausberg, Germany) has a positive tone, so the interaction with the electron beam breaks the polymeric chain, making the polymer more soluble in its specific developer. A thin layer was spun at 2000 rpm, obtaining a thickness of around 200 nm, followed by a hotplate baking process at 150 °C for three minutes. A JBX-6300FS EBL machine (JEOL, Tokyo, Japan), with 12 MHz and 5-nm resolution, working at 100 kV with a current of 100 pA was used, selecting an exposition dose of 400 μC/cm 2 from previous dose matrix analyses. After development in an isopropyl alcohol (IPA): deionized water 3:7 solution for 60 s, the exposed area results to be removed.
Then, the generated pattern was used as a mask in ICP-RIE configuration. STS MESC MULTIPLEX ICP (SemiStar Corp, San Jose, CA, USA) has been used where the plasma is inductively coupled at 13.56 MHz via a matching unit and coil assembly. The ICP-RIE recipe that was used to transfer the resist pattern onto the silicon substrate is composed by three sub-steps: O2 stripping of the residual layer removal characterized by a 40-sccm O2 flow rate, 200 W of radio-frequency (RF) power of coil for the generation of plasma, 4 mTorr of chamber pressure, and an RF platen power of 10 W for the acceleration of the ions on top of the sample. The etching step is performed in a three-gases mix of plasma (C4F8 at a flow rate of 60 sccm, SF6 at 30 sccm, and Ar at 10 sccm) with a coil RF power of 400 W, a RF platen power of 20 W (corresponding to an acceleration bias of 90 V), and a chamber pressure of 8 mTorr. Finally, an O2 cleaning step was carried out, which was characterized by an O2 flow rate of 50 sccm, a coil RF power of 800 W, an RF platen power of 20 W, and a chamber pressure of 20 mTorr. In order to have pattern transfer from the EBL-lithographed resist to the Si substrate, a 7-s stripping process in O2 plasma has been performed, and successively, an etching time of 1 min and 12 s in fluorine-based plasma occurred. Configurations of duty cycle and period for a silicon subwavelength grating, providing a π-delay retardation between TE and TM polarizations, for a wavelength of 1310 nm at normal incidence. Numerical data obtained with rigorous coupled-wave analysis (RCWA) for a grating thickness of 535 nm.
The fabrication protocol for pattern transfer onto silicon is divided into two distinct processes, in sequence: fabrication of the resist mask with electron beam lithography (EBL) of a resist film spun over the silicon substrate, and transfer of the mask profile thereon with inductively coupled plasma-reactive ion etching (ICP-RIE).
Electron beam lithography is the ideal technique for transfering the computational design from a digital stored format to a surface relief pattern with high-resolution profiles [23] . It is a maskless process: a high-powered focused electron beam draws the high-resolution pattern directly onto an electron-sensitive polymeric layer. The resist used in this work (AR-671.02, ALLRESIST GmbH, Strausberg, Germany) has a positive tone, so the interaction with the electron beam breaks the polymeric chain, making the polymer more soluble in its specific developer. A thin layer was spun at 2000 rpm, obtaining a thickness of around 200 nm, followed by a hotplate baking process at 150 • C for three minutes. A JBX-6300FS EBL machine (JEOL, Tokyo, Japan), with 12 MHz and 5-nm resolution, working at 100 kV with a current of 100 pA was used, selecting an exposition dose of 400 µC/cm 2 from previous dose matrix analyses. After development in an isopropyl alcohol (IPA): deionized water 3:7 solution for 60 s, the exposed area results to be removed.
Then, the generated pattern was used as a mask in ICP-RIE configuration. STS MESC MULTIPLEX ICP (SemiStar Corp, San Jose, CA, USA) has been used where the plasma is inductively coupled at 13.56 MHz via a matching unit and coil assembly. The ICP-RIE recipe that was used to transfer the resist pattern onto the silicon substrate is composed by three sub-steps: O 2 stripping of the residual layer removal characterized by a 40-sccm O 2 flow rate, 200 W of radio-frequency (RF) power of coil for the generation of plasma, 4 mTorr of chamber pressure, and an RF platen power of 10 W for the acceleration of the ions on top of the sample. The etching step is performed in a three-gases mix of plasma (C 4 F 8 at a flow rate of 60 sccm, SF 6 at 30 sccm, and Ar at 10 sccm) with a coil RF power of 400 W, a RF platen power of 20 W (corresponding to an acceleration bias of 90 V), and a chamber pressure of 8 mTorr. Finally, an O 2 cleaning step was carried out, which was characterized by an O 2 flow rate of 50 sccm, a coil RF power of 800 W, an RF platen power of 20 W, and a chamber pressure of 20 mTorr. In order to have pattern transfer from the EBL-lithographed resist to the Si substrate, a 7-s stripping process in O 2 plasma has been performed, and successively, an etching time of 1 min and 12 s in fluorine-based plasma occurred.
A thermal nanoimprint lithography (T-NIL) process was conducted using a Paul Otto Weber hydraulic press with heating/cooling plates. This simple technique enables replicating patterns with high resolution [24, 25] . A mold with nanostructures on its surface was used to deform a thin resist deposited on a substrate that has to be heated above its glass transition temperature. At the end, the resist is cooled below its glass transition temperature before being separated from the mold. A first T-NIL process was performed using the previous etched EBL master as cast after a silanization process with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane PFOTS (Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany) [26, 27] . MR-I 7010E was spun on a silicon wafer at 1750 rpm to obtain a thickness of about 116 nm, and a soft bake was conducted for 2 min at 140 • C on the hot plate. The sample was placed in contact with the master within a system of compliances in order to homogenize the temperature and pressure on the entire surface. The T-NIL process was carried out at 100 • C for an imprinting time of 10 min at a pressure of 100 bar. Once the imprinting time was over, the heating was turned off, and maintaining the pressure at 100 bar, a temperature decreases until 35 • C occurred.
After an O 2 treatment was performed for 13 s to remove the residual layer, a 10-nm Cr hard mask layer was deposited by e-gun evaporation, and the pattern transferring from the resist structure into the Cr mask was carried out by lift-off in a sonicated acetone bath for 3 min.
A final ICP-RIE process was then performed: an O 2 treatment was considered for 30 s to remove the last resist contaminants; then, pattern transfer in the fluorine-based plasma for 3 min and 9 s occurred. The etching time was finely tuned in order to obtain a final depth of around 535 nm, as prescribed by the numerical results in Figure 3 for a grating period of 290 nm and a duty cycle of around 0.5. In Figure 4 , inspections of the final sample via scanning electron microscopy (SEM) are reported. In particular, the well-defined line profile can be appreciated as proof of the success of the fabrication recipe for pattern transfer onto a silicon substrate. A thermal nanoimprint lithography (T-NIL) process was conducted using a Paul Otto Weber hydraulic press with heating/cooling plates. This simple technique enables replicating patterns with high resolution [24, 25] . A mold with nanostructures on its surface was used to deform a thin resist deposited on a substrate that has to be heated above its glass transition temperature. At the end, the resist is cooled below its glass transition temperature before being separated from the mold. A first T-NIL process was performed using the previous etched EBL master as cast after a silanization process with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane PFOTS (Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany) [26, 27] . MR-I 7010E was spun on a silicon wafer at 1750 rpm to obtain a thickness of about 116 nm, and a soft bake was conducted for 2 min at 140 °C on the hot plate. The sample was placed in contact with the master within a system of compliances in order to homogenize the temperature and pressure on the entire surface. The T-NIL process was carried out at 100 °C for an imprinting time of 10 min at a pressure of 100 bar. Once the imprinting time was over, the heating was turned off, and maintaining the pressure at 100 bar, a temperature decreases until 35 °C occurred.
After an O2 treatment was performed for 13 s to remove the residual layer, a 10-nm Cr hard mask layer was deposited by e-gun evaporation, and the pattern transferring from the resist structure into the Cr mask was carried out by lift-off in a sonicated acetone bath for 3 min.
A final ICP-RIE process was then performed: an O2 treatment was considered for 30 s to remove the last resist contaminants; then, pattern transfer in the fluorine-based plasma for 3 min and 9 s occurred. The etching time was finely tuned in order to obtain a final depth of around 535 nm, as prescribed by the numerical results in Figure 3 for a grating period of 290 nm and a duty cycle of around 0.5. In Figure 4 , inspections of the final sample via scanning electron microscopy (SEM) are reported. In particular, the well-defined line profile can be appreciated as proof of the success of the fabrication recipe for pattern transfer onto a silicon substrate. 
Optical Characterization Setup
The optical behavior of the sample has been tested for illumination under beams carrying orbital angular momentum, which were generated with an Liquid-Crystal on Silicon (LCoS) spatial light modulator (SLM) (pixel pitch 12.5 µm, X13267-08, Hamamatsu, Shizuoka, Japan) using a phase and amplitude modulation technique [28] . The experimental setup is depicted in Figure 5 . The output of a DFB laser (λ = 1310 nm) is collimated at the end of the single mode fiber with an aspheric lens with a focal length f F = 7.5 mm (A375TM-C, Thorlabs, Newton, NJ, USA), which is linearly polarized and expanded with a first telescope (f 1 = 3.5 cm, f 2 = 10.0 cm, Thorlabs, NJ, USA) before illuminating the display of the SLM. A 50:50 beam splitter (Thorlabs, Newton, NJ, USA) is inserted after the telescope in order to retain a coherent Gaussian beam for interferometric analysis. Then, a 4-f system (f 3 = 20.0 cm, f 4 = 12.5 cm, Thorlabs, Newton, NJ, USA) with an aperture in the Fourier plane isolates and images the first-order encoded mode. A second 50:50 beam splitter is used to split the beam and check the input beam profile with a first camera (pixel pitch 15 µm, WiDy SWIR 640U-S, NIT, Verrières-le-Buisson, France). Afterwards, the OAM beam illuminates the patterned zone of the silicon sample, which is mounted on an XY translator with micrometer drives (ST1XY-S/M, Thorlabs, Newton, NJ, USA). The far field is collected by a second camera (WiDy SWIR 640U-S, NIT, Verrières-le-Buisson, France) that is placed at the back focal plane of a lens with f 5 = 7.5 cm (Thorlabs, NJ, USA). A sequence of a linear polarizer (LPIREA100-C, Thorlabs, Newton, NJ, USA) and quarter-wave plate (WPQ10M-1310, Thorlabs, Newton, NJ, USA) is placed before and after the optical element, in reverse order, in order to generate and filter the desired circular polarization state. A Mach-Zehnder interferometric setup is added in order to analyze the phase pattern of the modes generated with the SLM. 
The optical behavior of the sample has been tested for illumination under beams carrying orbital angular momentum, which were generated with an Liquid-Crystal on Silicon (LCoS) spatial light modulator (SLM) (pixel pitch 12.5 μm, X13267-08, Hamamatsu, Shizuoka, Japan) using a phase and amplitude modulation technique [28] . The experimental setup is depicted in Figure 5 . The output of a DFB laser (λ = 1310 nm) is collimated at the end of the single mode fiber with an aspheric lens with a focal length fF = 7.5 mm (A375TM-C, Thorlabs, Newton, NJ, USA), which is linearly polarized and expanded with a first telescope (f1 = 3.5 cm, f2 = 10.0 cm, Thorlabs, New Jersey, USA) before illuminating the display of the SLM. A 50:50 beam splitter (Thorlabs, Newton, NJ, USA) is inserted after the telescope in order to retain a coherent Gaussian beam for interferometric analysis. Then, a 4-f system (f3 = 20.0 cm, f4 = 12.5 cm, Thorlabs, Newton, NJ, USA) with an aperture in the Fourier plane isolates and images the first-order encoded mode. A second 50:50 beam splitter is used to split the beam and check the input beam profile with a first camera (pixel pitch 15 μm, WiDy SWIR 640U-S, NIT, Verrières-le-Buisson, France). Afterwards, the OAM beam illuminates the patterned zone of the silicon sample, which is mounted on an XY translator with micrometer drives (ST1XY-S/M, Thorlabs, Newton, NJ, USA). The far field is collected by a second camera (WiDy SWIR 640U-S, NIT, Verrières-le-Buisson, France) that is placed at the back focal plane of a lens with f5 = 7.5 cm (Thorlabs, New Jersey, USA). A sequence of a linear polarizer (LPIREA100-C, Thorlabs, Newton, NJ, USA) and quarter-wave plate (WPQ10M-1310, Thorlabs, Newton, NJ, USA) is placed before and after the optical element, in reverse order, in order to generate and filter the desired circular polarization state. A Mach-Zehnder interferometric setup is added in order to analyze the phase pattern of the modes generated with the SLM. Figure 5 . Scheme of the experimental setup used for the optical characterization of the fabricated sorter. The DFB laser output (λ = 1310 nm) is collimated at the end of the single mode fiber by means of an aspheric lens with a focal length fF = 7.5 mm, is linearly polarized (P1) and is expanded (f1 = 3.5 cm, f2 = 10.0 cm). The SLM first order is filtered (D1) and resized (f3 = 20.0 cm, f4 = 12.5 cm) before illuminating the sorter. A beam splitter (BS) is used both to check the input beam and collect the sorter output at the back focal plane of a fifth Fourier lens (f5 = 7.5 cm). A sequence of linear polarizers and quarter-wave plates is placed before (P2, Q1) and after (Q2, P3) in the optical element, in reverse order, in order to generate and filter the desired circular polarization states. A Mach-Zehnder interferometric setup is added in order to analyze the singularity order of the generated OAM beams. Figure 5 . Scheme of the experimental setup used for the optical characterization of the fabricated sorter. The DFB laser output (λ = 1310 nm) is collimated at the end of the single mode fiber by means of an aspheric lens with a focal length f F = 7.5 mm, is linearly polarized (P 1 ) and is expanded (f 1 = 3.5 cm, f 2 = 10.0 cm). The SLM first order is filtered (D 1 ) and resized (f 3 = 20.0 cm, f 4 = 12.5 cm) before illuminating the sorter. A beam splitter (BS) is used both to check the input beam and collect the sorter output at the back focal plane of a fifth Fourier lens (f 5 = 7.5 cm). A sequence of linear polarizers and quarter-wave plates is placed before (P 2 , Q 1 ) and after (Q 2 , P 3 ) in the optical element, in reverse order, in order to generate and filter the desired circular polarization states. A Mach-Zehnder interferometric setup is added in order to analyze the singularity order of the generated OAM beams.
Results
The far field of the fabricated PBOE has been collected for input optical beams with well-defined orbital angular momentum and circular polarization states. Beams carrying OAM in the sorting set {−9, −6, −3, 0, +3, +6, +9} have been generated, in sequence, and circularly polarized before illuminating the sorter. The desired helical wavefront was loaded on a doughnut intensity profile and properly resized in order to fit the size of the optical element. Using a Mach-Zehnder interferometric branch, the interference pattern of the generated OAM beam was collected. Since the phase structure of an OAM beam presents intertwined helical phase fronts, with being the amount of OAM, the interference with a coaxial Gaussian beam generates a fringe pattern of spirals, whose helicity is given by the sign of [29] . As Figure 6a shows, the number and the helicity of the spiral arms in the interferograms denote the helical structure of the phase front and the carried OAM value and sign, as expected.
When an OAM beam illuminates the sorter, the far field is the result of the projection of the field over the mode set for which the element has been designed (see Appendix A for more details). Therefore, a bright spot appears in correspondence with the detected OAM value, when it is present, at the position given by the channel constellation in Figure 2b . In Figure 6b ,c, the far field is reported for input OAM beams with right-handed and left-handed circular polarizations, respectively. As expected, the sorter separates the orthogonal polarization states onto two distinct hemicycles, and the OAM beams are correctly detected according to the scheme in Figure 2b . In Figure 7 , normalized intensities are reported, exhibiting a well-defined diagonal channel response.
The far field of the fabricated PBOE has been collected for input optical beams with well-defined orbital angular momentum and circular polarization states. Beams carrying OAM in the sorting set {−9, −6, −3, 0, +3, +6, +9} have been generated, in sequence, and circularly polarized before illuminating the sorter. The desired helical wavefront was loaded on a doughnut intensity profile and properly resized in order to fit the size of the optical element. Using a Mach-Zehnder interferometric branch, the interference pattern of the generated OAM beam was collected. Since the phase structure of an OAM beam presents ℓ intertwined helical phase fronts, with ℓ being the amount of OAM, the interference with a coaxial Gaussian beam generates a fringe pattern of ℓ spirals, whose helicity is given by the sign of ℓ [29] . As Figure 6a shows, the number and the helicity of the spiral arms in the interferograms denote the helical structure of the phase front and the carried OAM value and sign, as expected.
When an OAM beam illuminates the sorter, the far field is the result of the projection of the field over the mode set for which the element has been designed (see Appendix A for more details). Therefore, a bright spot appears in correspondence with the detected OAM value, when it is present, at the position given by the channel constellation in Figure 2b . In Figure 6b ,c, the far field is reported for input OAM beams with right-handed and left-handed circular polarizations, respectively. As expected, the sorter separates the orthogonal polarization states onto two distinct hemicycles, and the OAM beams are correctly detected according to the scheme in Figure 2b . In Figure 7 , normalized intensities are reported, exhibiting a well-defined diagonal channel response. Total intensities in all of the detector regions for OAM mode input in the range {−9, −6, −3, 0, +3, +6, +9} and circular polarization of the experimental data. For each channel, the detection regions have the same size and are chosen to cover the central intensity peak area. Intensities are normalized to the total collected energy. The polarization labels σ ± refers to the polarization state of the input channel (the output is cross-polarized).
Discussion
We presented the design, fabrication, and optical characterization of a silicon metasurface for the demultiplexing of optical beams with well-defined spin and orbital angular momentum states. We considered the demultiplexing method based on OAM mode projections, and we implemented the optical device in the form of a Pancharatnam-Berry optical element (PBOE). With respect to diffractive optics, the phase term is not originated by locally changing the thickness of the medium; instead, it arises from a local manipulation of the polarization due to an artificially-induced birefringence. In the presented study, the local anisotropy has been controlled by patterning properly oriented subwavelength gratings. The grating parameters have been selected after numerical simulations with RCWA in order to reproduce the behavior of a half-wave plate whose fast-axis orientation is equal to half the value of the sorter phase pattern at each point. The optical characterization with circularly polarized OAM beams confirms the expected capability of the metasurface to sort, at the same time, polarization and orbital angular momentum, therefore redoubling the number of channels of the diffractive counterpart. Moreover, the possibility to use silicon represents an important milestone. As a matter of fact, silicon has emerged as a popular material choice, not only for its high refractive index and very low absorption in the telecom spectral range, but also for its paramount technological relevance, since it represents the backbone of modern technology. With respect to plasmonic metamaterials, the relevance of silicon for optical elements is based not only on its optical material properties, low cost, and mature nanofabrication techniques, but also on the unique prospects that silicon nanostructures offer in terms of complementary metal oxide semiconductor (CMOS) compatibility and for integration into existing photonic architectures [30, 31] . By encompassing silicon photonics and lens design, silicon metasurfaces pave the way to innovative optical devices performing OAM mode division multiplexing with a high level of integration and backward compatibility with complementary multiplexing techniques [18] .
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we finally obtain:
As described by the last equation, an input perfect vortex with OAM equal to is transformed into a set of n Bessel-Gaussian beams with centers at the positions {(r j , ϕ j )} = {(f /kβ j , ϑ j )} and azimuthal indices in the shifted set {( − j )}. Only for m = 0 the Bessel function of the first kind J m is endowed with a central peak, otherwise the intensity profile presents a central null surrounded by a first ring whose radius increases with the azimuthal index m. Therefore, as shown in Figure 6 and in Figure A1 , for an input vortex with charge a bright spot appears only when a zero-order Bessel-Gaussian beam is generated, i.e., for j = , while annular beams with different radii appear at the other positions. If the input OAM beam carries an OAM value which is not included in the sorting set of the designed sorter, e.g., = +2, there is no possibility to obtain a zero-order Bessel-Gaussian beam, therefore no bright peak appears (see Figure A1) . As a matter of fact, for the three cases depicted in figure, we get: beam is generated, i.e., for ℓj = ℓ, while annular beams with different radii appear at the other positions. If the input OAM beam carries an OAM value which is not included in the sorting set of the designed sorter, e.g., ℓ = +2, there is no possibility to obtain a zero-order Bessel-Gaussian beam, therefore no bright peak appears (see Figure A1 ). As a matter of fact, for the three cases depicted in figure, we get: A bright spot appears when the azimuthal index of the generated far-field optical vortex is equal to zero. If the input beam carries an OAM value which is not included in the sorter set, as in the case of ℓ = +2, no peak appears in far-field.
Appendix B
For the benefit of the reader, we briefly summarize the optical behavior of a Pancharatnam-Berry optical element (PBOE) performing complete polarization conversion. It is convenient to describe the PBOE optical behavior with the use of Jones formalism, where the Transmission function T of a subwavelength grating can be expressed, in the (x, y) representation basis, by the matrix: A bright spot appears when the azimuthal index of the generated far-field optical vortex is equal to zero. If the input beam carries an OAM value which is not included in the sorter set, as in the case of = +2, no peak appears in far-field.
